The alt (albina-tcrminalis) mutant of Pisum sativum L. germinates normally, produces several nodes, and then above a sharp transition produces 2 to 3 bleached nodes, ceases growth, and eventually dies. Green nodes have normal chlorophyll content, absorption spectra, photosynthetic rates, and ultrastructure. In bleaching tissues, the chloroplasts degenerate rapidly, followed by extensive disruption and loss of the remaining cytoplasm and organelles. Application of tissue extracts of normal genotypes of pea, corn, and bean stimulates apical development of alt. The resulting tissues have essentially normal structure and function. Application of thiamine, thiamine monophosphate, and thiamine pyrophosphate also stimulate normal apical development at concentrations of 1 micromolar and above. Partial characterization of the stimulus from pea seed extracts is consistent with thiamine as the active factor.
Among pigmentation mutants, the alt mutant of Pisum is distinguished by normal germination and growth to about node 4 to 6, where there is a transition to bleached leaves followed by cessation of growth (12) . Meristematic growth and normal pigmentation may be restimulated by grafting the mutant to a normal genotype or by application of extracts of normal tissues to the mutant (1) . Several other biochemical mutants have been described which may be normalized by grafting or by supplying a missing factor, including thiamine (4, 13, 15) and nicotianamine (6) . The alt mutant reportedly cannot be sustained by an exogenous source of carbon, or by a variety of amino acids, minerals, cytokinins and vitamins, including thiamine (1) . Partial characterization of extracts of normal pea seeds which normalize alt suggested that the principal activity was organic and cationic (1) . Our interest in alt was to identify this normalizing factor. In addition, development of the mutant seedlings, including ultrastructure, photosynthesis, and pigmentation, was compared to normal seedlings in order to elucidate the effects of the alt allele on plant development.
MATERIALS AND METHODS Plant Material. Seeds of pea (Pisum sativum L.) lines (from Dr. G. A. Marx, Geneva, NY) segregating for alt were grown either in 6 x 250 cm plastic tubes in blocks of 20 or in 15 cm plastic pots. The medium was composed of peat:pumice:soil ' Supported by the United States Department of Agriculture Competitive Research Grants Office (86-CRCR- (12,000g , 10 min), concentrated in vacuo at 50°C to 200 ml, and centrifuged (39,000g, 30 min). Mutant plants, identified by the development of bleached tissue, were prepared for bioassay by decapitating the plant at the highest pair of unopened stipules and removing the leaves and stipules at the two highest remaining nodes. A 2 ml vial filled with extract was capped with Parafilm and the plant stem bent through a small hole in the film. The vials were refilled once or twice daily depending on uptake. Active extracts stimulated growth of one or more lateral branches. Two weeks after treatment was initiated the laterals were removed, the leaves weighed and Chl content measured (11) . Crude extract was applied to Dowex 1 (OH-form, BioRad) and the resin washed with distilled water. The active fraction was then applied to a column containing Dowex 50 (H+ form, Bio-Rad). Distilled H20 (250 ml) was applied followed successively by 250 ml each of 1 to 12 N HCI in 1 N steps. Each fraction was collected, evaporated, redissolved in water, and bioassayed.
Thiamine, TMP, TPP, and oxythiamine (Sigma) and were all bioassayed directly. In addition, thiamine was chromatographed on Dowex 1 and Dowex 50 and the fractions bioassayed.
Leaf Spectroscopy. Fourth derivative spectroscopy of intact leaf lamina (8) was done in a Shimadzu 260 spectrophotometer with an integrating sphere attachment (Shimadzu Scientific Instruments, Inc., Columbia, MD). Detached leaves were placed between a glass microscope slide and the sample holder. Accumulated spectra equivalent to 100 uncorrected attenuation units were used for fourth derivative analysis of at least three leaves of each type. Difference spectra were generated by placing the 2Abbreviations: PPF, photosynthetic photon flux; PS, net photosynthetic rate; TMP, thiamine monophosphate; TPP, thiamine pyrophosphate. 1089 Plant Physiol. Vol. 85, 1987 variant leaf in the reference and the normal leaf in the sample compartment.
Photosynthesis. Photosynthetic rates and leaf conductance were determined using a LICOR-6000 photosynthesis meter (LICOR). Environmental conditions during the measurements were as follows: PPF was 360 ,mol m-2 s-' (90% cool-white fluorescent and 10% incandescent), initial CO2 concentration was 360 ul L-' of air, temperature was 20C.
Electron Microscopy. Leaf tissue was removed from normal and mutant plants and cut into 2 to 3 mm2 pieces in fixative. Tissue pieces were transferred to 0.05 M K-phosphate (pH 6.8), containing 3% glutaraldehyde and fixed for 3 h at room temperature (19) . After six rinses in buffer, the tissue was post-fixed in 0.05 M K-phosphate containing 2% O0s4 for 1.5 h at room temperature, it was then dehydrated in a graded series ofalcohols and embedded in Epon-araldite. Thin sections were cut with a Porter-Blum MT-2 ultramicrotome, stained with lead citrate and uranyl acetate and examined with a Philips 300 electron, microscope.
RESULTS
Chl content of the oldest three bifoliates (nodes 3-5, where node 3 is the oldest bifoliate) ofmutant seedlings was comparable to that of normal segregates ( Fig. 1 ). In these experiments, node 6 marked the visible transition to bleached leaves, varying from slightly to severely chlorotic. Chl was almost absent in the 2 or weight. In the genetic lines used here, we were unable to distinguish Alt/Alt from Alt/alt on the basis of Chl content. Absorption spectra and their fourth derivatives of green leaves of alt were indistinguishable from spectra of leaves of normal genotypes (Fig. 2, a and b) . Difference spectra ofbleached mutant and green leaves of Alt revealed no qualitative differences (Fig.  2e) . All major Chl-protein components declined at about equal rates as bleaching progressed and no spectral shifts were detected (Fig. 2b) . When leaves of normal genotypes were detached and floated on water in the dark to induce senescence, a similar decline was observed (Fig. 2c) .
Green Leaves of the Mutant Fix CO2. PS of mutant leafS was similar to normal leaf 5, but PS of mutant leaf 6 was slightly less than that of normal leaf 6 (Fig. 3) . However, in the chlorotic transition leaves at node 7, PS declined markedly (Fig. 3) and was slightly less than respiration in the bleached leaves at node 8. The green leaves of alt (nodes 4, 5, and 6) and the normal genotype had similar conductance. Stomatal conductance of the bleached mutant leaves (nodes 7 and 8) was less than that of the corresponding normal leaves, but conductance of the mutant leaves was not affected by the-loss of photosynthetic activity. In fact, the stomata of mutant leaf 8 remained open in the absence of PS. Hence, stomatal conductance did not account for the declining PS rate of the mutant. The leaflets at node 3 were inaccessible to the cuvette used for gas exchange measurements.
The structure of cells from the green alt leaves appeared to be normal, with extensive formation of grana in the chloroplasts (not shown). During early development of bleached leaves, cells appeared normal and chloroplasts remained intact, but slightly swollen and with reduced thylakoid content (Fig. 4, a and b) . On d 1, these leaves were 5 to 7 mm long and still enveloped in the older, folded stipules of the previous node. In the now obviously swollen chloroplasts, the thylakoids degenerated by d 4 and vesicles appeared in the chloroplasts (Fig. 4, c and d) . By d 8, further deterioration of the chloroplasts and breaks in the tonoplast were evident (Fig. 4, e and f) . By d 21, the chloroplasts appeared to lyse (Fig. 4g) (Fig. 8) . Response of the mutants to the extracts was generally limited to the production of 2 to 6 normal nodes before chlorosis and bleaching occurred. Although flowers frequently developed on normalized shoots, viable seed were rarely obtained. Photosynthetic rates of normalized plants were proportional to Chl content above about 1 ,ug mg-' fresh weight (Fig. 5) . Absorption spectra of normalized mutant leaves with >2.0 gg Chl mg-' FW were comparable to those of normal leaves (Fig.  2d) . Spectra of the chlorotic and bleached leaves on these normalized shoots differed quantitatively, not qualitatively from the green leaves (Fig. 2d) . Cells of leaves from extract-treated plants appeared to be intact, and electron micrographs of the chloroplasts showed normal structure (Fig. 4h) .
Thiamine, TMP, and TPP each stimulated normal development of alt above 1 gM (Figs. 6, 7 ; Table I ). Thiamine pyrophosphate appeared to be slightly less active. Oxythiamine, an inhibitor of thiamine, was inactive. A mixture of glucose and 15 vitamins, including thiamine, identical to that tested by Acree and Marx (described in Ref. 10) was slightly toxic, but clearly caused greening of the mutant. When thiamine was deleted from the solution, activity was lost. Continued application of thiamine produced plants with normal phenotype which produced viable seed (data to be published elsewhere). Thiamine and the seed factor both eluted from Dowex-50 with high concentrations of HCG (Fig. 8) .
DISCUSSION
Through the initial stages of development, alt seedlings appear to be normal. The first two or three leaves of the mutant have normal Chl content, fourth derivative spectra, and photosynthetic rates, but there is a progressive decline in these parameters over the succeeding nodes. Decline in PS is not due to stomatal closure.
Visually, senescent leaves of normal pea genotypes are easily distinguished from bleaching leaves of alt; however, the ultrastructural and biochemical degeneration are similar in several respects. The fourth derivative spectra of the chlorotic and bleached leaves describe not only the loss of Chl characteristic of senescence, but the decline of the major Chl-protein complexes of the chloroplasts. The wavelengths of the principal bands are Initially, alt show normal development. Even the first chlorotic leaf expands fully before bleaching, and the younger, unexpanded leaves also appear normal, but bleach as they expand. At the ultrastructural level, bleaching is accompanied by breakdown characteristic of senescence described in other systems (2, 3, 7, 17) . In alt, chloroplast structure degenerates first, followed eventually by loss of the mitochondria, cytoplasm, and other organelles. We also observed, by light microscopy, that the mesophyll cells of the mutant became spherical, suggesting a loss of cell wall rigidity. Although bleaching is accompanied by cell breakdown in alt, not all achlorophyllous mutants are senescent. Mutants of soybean (16) and sunflower (18) complete their life cycle if supplied with an exogenous source of carbon. In contrast, alt plants, which have several normal green leaves, die, even though these leaves should be able to supply sufficient carbohydrate. Clearly, some other factor is responsible for the bleaching of alt.
Acree and Marx (1) reported that development of the alt mutant may be altered either by grafting alt to a normal genotype or by applying seed extracts of normal pea genotypes. The bleached leaves do not regreen, but normal-appearing growth of the mutant is stimulated. We have confirmed these effects and shown that normalizing activity can be extracted from normal pea shoots and from normal genotypes of corn and beans as well. For these treatments to be effective, they must be initiated while at least one alt meristem remains viable. Lack of easily apparent short-term effects of the normalizing extracts precludes a more rapid bioassay.
All active fractions stimulate the production of several normal nodes by the alt seedlings. Leaves of extract-treated mutants are capable of fixing CO2 at rates equal to normal pea genotypes. These normalized tissues were structurally intact as shown by electron microscopy. Thus, a supply of the soluble factor from normal genotypes restores normal function. Extracts stimulate the development of several normal nodes after which there is a transition through chlorotic, to bleached tissue, and then apical growth ceases as in the developing alt seedlings. The most active preparations generally result in the formation of reproductive nodes, but viable seed is obtained only occasionally. This appears to be due to limited uptake and amount of the factor in the sample.
Originally, Acree and Marx tested a solution containing glucose and 15 vitamins and cofactors, including thiamine, and reported that it was inactive (1; GA Marx, personal communication). We retested this solution and found that it was slightly Plant Physiol. Vol. 85, 1987 ' r ' * ' t j i i # ' > i S i l 3 ; t * r t & t toxic to alt, although clearly active. When thiamine was deleted, the solution was inactive. We surmise that Acree and Marx misinterpreted the toxicity of the full-strength solution as inactivity.
In plants, it has been proposed that 2-methyl-4-amino-5-hydroxy-methylpyrimidine pyrophosphate and 4-methyl-5-(3-hydroxyethyl)thiazole phosphate combine to form TMP which is then converted to thiamine, thence to TPP (14) . Thiamine, TMP, and TPP, applied separately, stimulate normal development of alt and viable seed are obtained. We do not know whether the phosphates enter plant cells intact, so we cannot say whether the thiamine pathway is blocked at the conversion of TMP to thiamine. Thiamine can apparently be converted to TPP by alt, however. By TLC and HPLC, we have evidence that thiamine is the factor extractable from pea, corn, and bean seeds (10) . We are presently attempting to confirm the identity of the seed factor which normalizes alt and to determine at what point thiamine biosynthesis is blocked in alt seedlings. 
